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Figure Captions 
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Fig.  1 Location of Magnetic Survey Observations a v a i l a b l e  1955-1962. 
Only one poin t  p l o t t e d  i n  each O.5O x 0.5' l a t i t u d e  - longi tude  
block. 
L Fig. 2 Location of d a t a  se l ec t ed  1940-1962 f o r  f i e l d  ana lys i s .  Shaded . 
areas designate  those f o r  which some d a t a  are a v a i l a b l e  f o r  
the  yea r s  1900-1939. 
s 
1 
Fig .  3 (a-d) Contours of the geomagnetic f i e l d  i n  gauss (F, H,  Z)  o r  
. 
degrees  ( I ) ,  synthesized from the  c o e f f i c i e n t s  i n  Table 4 f o r  
epoch 1965.0. 
F ( T o t a l  I n t e n s i t y ) .  All c e n t e r s  a re  'Highs' except  t h e  South 
American 'Low! of 0.238 r. 
H (Horizontal  Intensity). 
p o s i t i o n s  (north:  75.6' N, 101%; south: 
The two c e n t e r s  near t h e  equator  a re  'High!, t he  c e n t e r  near  
the  southern t i p  of Africa i s  a 'Low' .  
1 ( I n c l i n a t i o n )  
Z ( V e r t i c a l  I n t e n s i t y )  
The + s igns  are the  d i p  pole  
66.3' S ,  lao E ) .  
F ig .  4 (a-b) Contours of t he  secular  change of t h e  geomagnetic f i e l d  i n  
gamma/year synthesized f r o m  the  c o e f f i c i e n t s  given i n  Table 4. 
(a) (To ta l  I n t e n s i t y )  secular  change 
( b )  i ( V e r t i c a l  I n t e n s i t y )  secular  change 
Fig .  5 Magnetic survey t racks  se lec ted  f o r  comparison with computed 
f i e l d s .  Shown a re  d a t a  pos i t ions  from the U. S. a i r c r a f t  
p r o j e c t  MAGNET, the U. S. sh ips  Rehoboth and Vema, the  Japanese 
sh ip  Soya, and the  Russian sh ip  Zarya. 
Fig. 6 (a-d) 
Fig.  7 (a-c) 
( a>  
( b) 
( 4  
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P l o t s  of measured minus computed values  of t he  magnetic 
f ie ld ,  components taken over the  t r a c k s  i l l u s t r a t e d  i n  
Fig. 5. The ord ina te  sca l e  i s  marked i n  4OOy increments. 
Model f i e l d s  used a r e  A from Table 4 and LME as referenced 
i n  Table 7 .  
Comparison between observatory annual means (do t s )  and 
f i e l d  components computed using c o e f f i c i e n t s  A ( s o l i d  
l i n e s )  and LME (dashed l i n e s ) .  
Sodankyla, Finland: 
67' 22.1' N ,  26' 37.8' E (1946-1961). 
San Juan, Puerto Rico: 
Alibag, India:  
(no separa te  capt ions)  
' 
67' 22.0' N, 26' 39.0 ' E (1914-1944) ; 
18' 22.9' N, 66' 7 .1 '  W (1926-1963) 
18' 38.3 '  N, 72' 52.3' E (1904-1961). 
L 
, 
Abstract 
aa\ 9 7 
A new determinat ion i s  made of t h e  geomagnetic f i e l d  and i ts  
* -  
s e c u l a r  change using a s e t  of 21695 s e l e c t e d  survey and observatory 
annual mean d a t a  ava i l ab le  f o r  the i n t e r v a l  1940-1963. The f i e l d  
i s  given by a series of 63 sphe r i ca l  harmonics (e and h: t o  n=m=7) 
and 35 time d e r i v a t i v e s  (8 and iE t o  n=m=5). 
from these  r e s u l t s  t h a t  a b e t t e r  f i t  should be poss ib l e  with e x i s t i n g  
Although i t  is  i n f e r r e d  
d a t a  if  more c o e f f i c i e n t s  a re  used, t he  improvement i s  s u f f i c i e n t l y  
s u b s t a n t i a l  t o  recommend t h a t  it be used a s  a replacement f o r  t he  
prev ious ly  der ived c o e f f i c i e n t s  (Jensen and Cain, 1962). 
finement i n  the  present  determinat ion inc ludes  t h e  u5e of t h e  ob la t e  
One re- 
e a r t h  i n  place of t h e  s p h e r i c a l  approximation. It i s  i l l u s t r a t e d  
t h a t  t h i s  modi f ica t ion  i s  necessary to  ob ta in  meaningful e x t r a p o l a t i o n s  
above the  e a r t h ' s  sur face .  
The s tandard errors and confidence l e v e l s  are given f o r  t h e  coef-  
f i c i e n t s  LO show t h a t  alrrost a l l  a r e  wel l  determined. The r m s  devi- 
aLions of t h i s  f i t  from seve ra l  s e l e c t i o n s  of  survey d a t a  a r e  used i n  
comparison with similar r e s u l t s  from other  c o e f f i c i e n t  s e t s  t o  show 
t h a t  t h i s  s e t  o f  c o e f f i c i e n t s  i s  considerably more accura te  than any 
publ ished previous ly  and i s  comparable t o  a r ecen t  determinat ion by 
Leaton e t  al (1964.). 
c 
In t roduct ion:  
f i e l d  gses  back over a century with e x c e l l e n t  b ib l iog raph ies  t o  be 
found i n  such works as those by Chapman and Bar t e l s  (194Oa), Vest ine 
(1947), Mauersberaer (1952), Fanselau (1956), and Kautzleben (1963). 
Some of t h e  more recent  publ ica t ions  on the  sub jec t  inc lude  those  by 
Vestine (1960),  f i l e r  (1963), Fouaere (1963a),  Heppner (1963), Leaton 
(1963), Vest ine e t  al (1963a,b). 
The h i s t o r y  of t h e  determinat ion of the  main geomagnetic 
In t h i s  long h i s t o r y  t h e  techniques of eva lua t ion  of  t he  m a i n  f i e l d  
have genera l ly  included first determining magnetic c h a r t s  from the d a t a  
and then performing a sphe r i ca l  harmonic ana lys i s  on equi-spaced g r i d  
p in ts  from the c h a r t s .  
occurred i n  the  map-making phase of t he  processes ,  r a t h e r  than i n  the 
sphe r i ca l  harmonic ana lys i s  i t s e l f .  
hand-contoured from a co l l ec t ion  of magnetic survey d a t a  t h a t  have been 
ex t rapola ted  t o  the epoch of t h e  map by attempting t o  i n t e r p o l a t e  the  
secu la r  change i n  Lhe f i e l d  using the s e t  of d a t a  from magnetic obser- 
v a t o r i e s  and r epea t  s t a t i o n s .  Although the d a t a  ana lys i s  i s  made very 
d i f f i c u l t  by the  poor d i s t r i b u t i o n  over the e a r t h  o f  the t o t a l  s e t  of 
survey and secu la r  change data ,  the accuracy o f  the final r e s u l t s  has 
a l s o  been l i m i t e d  by the errors introduced i n  producing the c h a r t s .  
The bas ic  eva lua t ion  o f  t h e  d a t a  has thus  
These maps have gene ra l ly  been 
It was with the  i d e a  of ins tead  determining a f i t  d i r e c t l y  t o  the 
survey d a t a  themselves t h a t  Jensen and Cain (1962) made a computation 
of t he  main f i e l d  using a se l ec t ion  from 74000 H and F d a t a  ava i l ab le  
f o r  the  per iod 194.0-1960. 
monics w a s  an improvement over t he  previously ava i l ab le  c o e f f i c i e n t s  
Although the r e s u l t i n g  s e t  of sphe r i ca l  har- 
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( c f .  Leonard, 1963) f o r  t h e  f i e l d  near  i t s  epoch of 1960, t he re  were 
still ser ious  d iscrepancies  between t h e  computed f i e l d  and measure- 
mants made near  thg e a r t h ' s  sur face .  ~ 
Using similar techniques of curve f i t t i n g ,  a s e t  of sphe r i ca l  
harmonics was a l s o  computed ( C a i n ,  
mtgnetic data .  and Hendricks (1964) the  mere 
f i t t i n g  of magnetic f i e l d  d a t a  covering a given volume with a s e t  of 
sphe r i ca l  harmonic c o e f f i c i e n t s  does no t  necessa r i ly  imply t h a t  t h e  
main f i e l d  i s  c o r r e c t l y  evaluated elsewhere. 
al, 1962) from the Vanguard 3 
A s  pointed out  by 
Assuming tha t  one wishes t o  compute a s e t  of sphe r i ca l  harmonic 
c o e f f i c i e n t s  represent ing  the main f i e l d  d i r e c t l y  from the  t o t a l  se t  
of ava i l ab le  d a t a  there  a re  seve ra l  approaches t h a t  can be teken. 
ana lys i s  can e i t h e r  include the  determinat ion of t he  c o e f f i c i e n t s  of 
s ecu la r  change along with the s p a t i a l  terms, o r  i n s t ead ,  the  d a t a  can 
be ad jus ted  t o  a p a r t i c u l a r  epoch by a separa te  analysis of s ecu la r  
change and then the s p a t i d  The 
only d a t a  of s u f f i c i e n t  q u a l i t y  t o  attempt a determinat ion o f  s ecu la r  
change are the annual mean values  from the  s e t  of about 100 magnetic 
observa tor ies .  However, s ince  these observa tor ies  are mainly confined 
t o  the major land masses and a re  predominently i n  the  nor thern  hemis- 
phere,  a determination of secular  change from them alone cannot be 
representa t ive  of s ecu la r  change over the whole e a r t h .  The q u a l i t y  of 
r epea t  s t a t i o n  d a t a  i s  s u f f i c i e n t l y  low, p a r t i c u l a r l y  i n  remote a reas ,  
t h a t  i t  i s  unl ike ly  thaL t h e i r  inc lus ion  would a id  s u b s t a n t i a l l y  i n  
The 
ana lys i s  made on the  adjusted da ta .  
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improving t h i s  determination. For t h i s  reason the approach followed 
here has  been t o  perform the ana lys i s  on uncorrected d a t a  making the 
simultaneous determination of the time derivatives of the spherical 
harmonic c o e f f i c i e n t s  along with the s p a t i a l  terms themselves. 
t h i s  way both Lhe observatory survey data  cont r ibu te  to  the de- 
terminat ion of secular  change. 
I n  
A second bas ic  dec i s ion  t o  be made in the determination of the  
main f i e l d  i s  whether t o  use X ,  Y ,  2 as derived f rom the o r i g i n a l  ob- 
s e r v a t i o n s  of such components as D, H, I and F o r  t o  use the  observat ions 
themselves. 
r e q u i r e s  only the  s o l u t i o n  t o  l i n e a r  equat ions whereas the use of 
angular d a t a  D and I or combined component d a t a  H and F r e q u i r e s  t h a t  
a non-linear a n a l y s i s  must be performed. However, with the  p r e s e n t  
d i s t r i b u t i o n  of d a t a  where the  observat ions i n  some of the  remote 
regions a r e  only of F it i s  c l e a r  t h a t  it i s  n o t  always f e a s i b l e  t o  
compute the  vec to r s  X ,  Y and 2. Also, the  only p re sen t ly  a v a i l a b l e  
s a t e l l i t e  d a t a  i s  F (Vanguard 3 )  which should be used s ince  they a r e  
t h e  only d a t a  which have an appreciable d i s t r i b u t i o n  i n  a l t i t u d e .  A 
f u r t h e r  problem with the use of X ,  Y and 2 d a t a  i s  t h a t  n o t  only a r e  
the e r r o r s  more d i f f i c u l t  t o  es t imate ,  but a l s o  they can be systemati-  
c a l l y  enhanced over d i f f e r e n t  p a r t s  of the globe. 
be obtained from observations of the h o r i z o n t a l  i n t e n s i t y  H and the  
i n c l i n a t i o n  I, from ZkH t an  I. 
shows t h a t  the e r r o r s  in the  computed 2 a re  commensurate with those of 
This  i s  a d i f f i c u l t  choice s ince  the  use of X ,  Y ,  2 d a t a  
For example, Z may 
The i n e q u a l i t y  l 6 Z \ & H  t an  I \+/Hsec21GIi  
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I i n  l o w  l a t i t u d e s  and r e f l e c t  those of both H and I i n  middle l a t i t u d e s .  
However, w r i t i n g  the second term as ~(FGI) /cosI \  it i s  apparent t h a t  the 
e r r o r s  i n  Z reach l a r g e  proport ions i n  high l a t i t u d e s  as cosI-0. 
.' . 
Thus the dec i s ion  was made here  t o  use only observed components in 
the ana lys i s  and a l s o  t o  attempt weighting them according t o  t h e i r  
estimated accuracy. This choice implies t h a t  i f  a l l  th ree  components 
a r e  measured, they a re  t r e a t e d  as three  separa te  observat ions and in- 
cluded independently i n t o  the f i t .  
q u a n t i l i e s  (measured minus computed) AX, AY, A Z ,  A H ,  and AF a r e  minimized. 
The ~ 1 g ~ 1 2 r  q c a n t i t i e s  A D  a d  L1 =e t&sn h t o  a c c i ; ~ :  ty c c z v e r t b g  
The weighted sums of squares of t he  
;:, ix:? x i t s  ilsing t i e  a d d i t i o n a l  weighting fac tors  Fi u a  F (computed) 
r e spec t ive ly  . 
A t h i r d  decis ion i n  the a n a l y s i s  of t h e  main f i e l d  i s  whether t o  
add the refinement of including the e a r t h ' s  oblateness .  A s  we w i l l  
i l l u s t r a t e  subsequently the re  a re  compelling reasons to  include the  
e a r t h ' s  shape if  one expects t o  r e a l i s t i c a l l y  e x t r a p o l a t e  the  r e s u l t  
above the surface.  We thus  chose t o  make t h i s  dev ia t ion  from p a s t  
p r a c t i c e  even though Lhe r e s u l t i n g  c o e f f i c i e n t s  w i l l  n o t  be d i r e c t l y  
comparable with those determined previously.  There w i l l  be a s l i g h t  
a d d i t i o n a l  complication i n  t h e i r  use s ince  one must take  the e a r t h ' s  
shape in to  account f o r  synthes is  of t he  f i e l d  even a t  the e a r t h ' s  sur face .  
2. Method 
We here fol low the usua l  s p h e r i c a l  harmonic p o t e n t i a l  expansion 
( c f .  Chapman and Bar te l s ,  1940 p. 639) 
, 
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. 
m n 
Tn= C m=O 
m 
( g z  cos n q  + hn s i n  mp) Pn ( e ) ,  where 
r,B,cp = s p h e r i c a l  coord ina tes  corresponding t o  geocent r ic  r a d i u s ,  
c o l a t i  tude ,' and l o n g i  1 ude respec t ive ly ,  g:, h: = Gauss (Schmidt 
normalized) c o e f f i c i e n t s  (go  < 0) ,  and P: (0)  = Schmidt 's  quasi-  
normalized polynomials. The f i e l d  can be der ived by a s t r a i g h t -  
forward eva lua t ion  of F = - V V . 
here i n  the expression f o r  V ,  they were neglected i n  the  determinat ion 
--- ---- . , - T 2 P : - 2 - - * -  cf -.e- - -  - - _ -  -r ---- 
b- r,= L,=r---&tuua c.,= b k ~ ~ &  Zs'ia-~. -.-; L--zzA-- aca ~ S , ~ ? S Z S ~ S  
for a number of p r a c t i c a l  and t h e o r e t i c a l  reasons.  F i r s t ,  i t  i s  now 
1 
Although the TLt terms a re  included 
- -  - . . .  
est imated t h a t  t he  t r u e  value o f  such e x t e r n a l  terms could only con- 
t r i b u t e  a t  the  level  of  a few t ens  of gammas a t  most from e i t h e r  t h e  
r i n g  cu r ren t  (Akasofu, Cain and Chapman, 1962; Hoffman and Bracken, 
1964.) o r  t he  c a v i t y  f i e l d  (Mead, 1964, Midgley, 1964) and would thus  
be very d i f f i c u l t  t o  determine i n  the  anomaly f i e l d  ' n o i s e '  i n  t he  
da t a .  Secondly, a s  w i l l  be shown subsequently,  t he  computer core  
s i z e  was a l ready  exceeded by the number of  s i g n i f i c a n t  c o e f f i c i e n t s  
requi red  t o  f i t  the i n t e r n a l  f i e l d .  
Now l e t  one componenl, of the f i e l d  ( X ,  Y ,  Z ,  D, I, H o r  F)  be re- 
presented by the func t iona l  form: 
c = c ( g ,  r ,  Q, 0, t )  
m .m 
where g i s  now the s e t  of a l l  c o e f f i c i e n t s  (e .g .  g", hn, g,...) and r, 
8 ,  cp and t a re  the coordinates  of  the observat ion poin t .  If t h e r e  i s  
given a s e t  of observat ions Ci w e  then attempt t o  f i n d  a s e t  o f  g ' s  t o  
make t h e  sum of  squares of the  d i f f e rence  between the  observed Ci and 
, 
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ccmputed C ( a t  the cgord ina te s  of t h e  observat ion)  a minimum. 
q L a n t i t y  LO be minimized x2 i s  thus: 
The 
X" = c CC, - c ( g ,  ri, Q ~ ,  (pi, til2 
i 
- .  
1 .,;,~re .,- :Le s x z x t i o n  cc i i s  taken ever  all component observst ions.  
r 'oilcwing tha usual l ea s t  squares  method we d i f f e r e n t i a t e  i n  t u r n  by 
each of t he  g ' s  and solve the  r e s u l t i n g  expressions simultaneously 
I 
k = 1, 2, ... n 
However, i f  the func t ion  C i s  obtained from the  s p h e r i c a l  harmonic 
expansion of the geomagnetic p o t e n t i a l  func t ion ,  t h e  above set  o f  
equat ions is non-linear in the  g ' s ,  and d i r e c t  methods of  s o l u t i o n  
are unknown i f  n o t  impossible.  A method of successive approximation 
was formulated t o  avoid t h i s  problem. 
Assuming tha t  some approximate va lues  of t he  g ' s  are a v a i l a b l e ,  the 
expression f o r  C can be expanded i n t o  a T a y l o r ' s  s e r i e s  t o  f i r s t  ordar:  
N n 
where C o  and ("> are the func t ion  C and i t s  d e r i v a t i v e  with r e s p e c t  
t o  gk evaluated using the approximate values  of t h e  gls ,  and 6gk i s  the 
c o r r e c t i o n  t o  be appl ied t o  the  gk parameter. If t h e  l eas t  squares  
procedure i s  now followed, t h e  r e s u l t i n g  s e t  of equat ions i s  l i n e =  in 
the 6gkls and can be r e a d i l y  solved. 
Bcfore wri t ing the normal equat ions we f i r s t  modify the  expression 
f o r  x2 t o  include the  weights f o r  d i f f e r e n t  types of observat ions and 
- 7 -  
d i f f e r e n t  components as follows: 
x” = c 1 cci - c ( g ,  ri, Qi, ( p i ’  till2 w i 
where t h e  weights are applied t o  each component observation Ci as 
~ l / u  and cr i s  the estimated accuracy ( i n  gamnias) f o r  t h a t  c l a s s  of 
observat ion.  For the  components D and I t h e s e  estimated accuracies  
( i n  rad ians)  are mul t ip l i ed  by ( t h e  computed) H and F respec t ive ly .  
D i f f e r e n t i a t i n g  wi’h respect  t o  6gk and s e t t i n g  the p r t i a l  d e r i v a t i v e s  
equal t o  zero g ives  .. 
f o r  a l l  k.  
The r e s u l t i n g  k t h  normal equation i s  then 
If we now l e t  
and 
- 8 -  
we may wr i te  t h e  normal equat ions as 
f rom which 
where D-l are the  elements of t he  matrix inverse  of D. 
O f  course such a computation i s  n o t  meaningful un le s s  some measure 
of t he  e r r o r  of t h e  results i s  evaluated.  If we assume t h a t  t h e  e r r o r s  
i n  the measurements Ci are normally d i s t r i b u t e d ,  we can draw some con- 
c lus ions  about the  c o e f f i c i e n t s  found. 
We h o w  t h a t  o2 = {E (ACi)2 ~ i ]  /C w i  
i i 
i s  a minimum variance es t imator  of t he  t r u e  var iance.  Secondly, 
t u  = ( g i  - gp) ,ogi  
has a lltlf d i s t r i b u t i o n  where a 
e f f i c i e n t s  <, h:, i:, 
t h a t  gi # 0, 
the  ' I t t 1  d i s t r i b u t i o n  f o r  any given confidence l e v e l .  
= o m' and gi i s  one of  the  co- 
Thus i f  we wish t o  tes t  the  hypothesis  
g i  11 
e r n  ---- . 
0 we must s e t  gi = 0 and compare gi/o with the value of 
For the  present  
g i  
c o e f f i c i e n t s  case where the number of degrees of freedom, N data points -N 
i s  l a rge  the I r t l r  d i s t r i b u t i o n  i s  given t o  adequate accuracy by i t s  
asymptotic form, the normal d i s t r i b u t i o n ,  so t h a t  t95 = 1.96 and t50=0.67 
are the 95% and 50% confidence l e v e l s  r e spec t ive ly .  
then with 95% confidence gi # 0. 
the range +, 1.960 
If gi/ogi 2 t95, 
Each gi can thus be sa id  t o  l i e  wi th in  
with 95% confidence and the  narrower range +, 0.67agi 
g i  
, 
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with 50% confidence. Although these  estimates are s t a t i s t i c a l l y  v a l i d  
they must h viewed with some add i t iona l  information t o  decide whether 
a per t icu lar  sphe r i ca l  hzmonic makes a meaningful con t r ibu t i cn  t o  t he  
separa te  components of a vector ,  we have chosen t o  es t imate  the sigma 
of the magnitude 
f o r  g and h. I n  
a given degree n 
€$ = e+ c2as t h e  rms o of t h e  ind iv idua l  uls 
addi t ion ,  the s e t  of R/oR i s  considered as a whole f o r  
before  assessing i t s  con t r ibu t ion  t o  the expansion. 
A f u r t h e r  comparison i s  made between the  o l s  and t h e  comparative va lues  
o f  gk using d i f f e r e n t  s e l ec t ions  of da t a .  
expansion i s  thus made only on 2 based on these  two sources of information. 
A t runca t ion  of the  p o t e n t i d  
The formulation up t o  the de r iva t ion  of t h e  gk i s  b a s i c a l l y  the  
same as t h a t  used by Jenseri and C;lin (1962). 
present  work include t h e  addi t ion  of the weights wi and the extension 
of t he  procedure t o  inc lude  components o the r  than H and F. Also, i n  t n e  
p r i o r  ana lys i s  there  were some i n i t i a l  d i f f i c u l t i e s  with the computation 
and invers ion  of D 
s i z e  of the  matr ix .  
The refinements added i n  the  
t h a t  were erroneously thought t o  be due t o  the 
In t h i s  previous ' ca lcu la t ion  in s t ead  of determining 
jk 
g:, <, where 
n = m = maximum degree and order of t he  sphe r i ca l  harmonic expansion),  
an i t e r a t i v e  procedure was used whereby s e t s  of only 16 o r  less 6gk1s  
were computed a t  once holding the rest cons tan t .  That i s ,  co r rec t ions  
were made f i r s t  on g 
cons tan t .  
0 1 1 0  
the g k l s  f o r  a l l  values  of k ( i . e .  f o r  g 1' gl' h l '  62---- 
0 1 1  1, gl, hl,---g3 h3 holding a l l  o the r  g ' s  and h ' s  
3' 3 
Another pass  through the d2t2 was then made co r rec t ing  only 
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0 1  1 2 4  on the n=4 'g4 , g /+ ,--h , h  It --h ) terms. Each degree harmonic was co r rec t ed  
in t u r n  up t o  the maximum and then t h e  process  repeated u n t i l  t h e  
c o r r e c t i o n s  became s m a l l .  
c o e f f i c i e n t s  were in  f a c t  deduced t h e r e  was s u f f i c i e n t  c o r r e l a t i o n  
Although improvements i n  e x i s t i n g  sets of 
- .  
between the  var ious harmonics t o  cause t h e  r e s u l t a n t  s o l u t i o n s  t o  never 
q u i t e  s t a b i l i z e .  For t h e  p re sen t  c a l c u l a t i o n ,  however we adopted t h e  
procedure of solving f o r  all the  values of k simultaneously,  This tech- 
nique was found t o  have good r e s u l t s  i f  enough d a t a  p o i n t s  were used and 
i f  t h e  matrix of va lues  en te r ing  the normal equat ions was formed and 
solved i n  double p rec i s ion  (17 d i g i t )  a r i t hme t i c .  The number of d a t a  
necessary appears t o  depend j o i n t l y  on the d i s t r i b u t i o n  and type of com- 
ponent and t h e  accuracy of t he  i n i t i a l  e s t ima tes  f o r  gko 
troubles,ome i f  the o r i g i n a l  estimate i s  bad o r  if t h e  d a t a  are poorly 
d i s t r ib l i t ed .  The 
6gk become small (-l0-'gk) a f te r  only two passes  through the d a t a  
whereas using the p r i o r  procedure the  gk continued t o  change slowly and 
sys t ema t i ca l ly  f o r  t h e  c o r r e l a t e d  c o e f f i c i e n t s  even after s e v e r a l  i ter-  
F d a t a  are 
Component d a t a  do n o t  need t o  be well d i s t r i b u t e d .  
a t i o n s .  
A f u r t h e r  refinement i n  the  present  computation scheme over t h a t  
used by Jensen and Cain (1962) i s  t h e  allowance f o r  u s ing  a spheroidal  
e a r t h  i n s t e a d  o f  assuming s p h e r i c i t y .  This i s  done by e n t e r i n g  i n t o  
the normal equations f o r  each datum the geocen t r i c  coordinates  r, e 
i n s t ead  of t h e  geodet ic  c o l a t i t u d e  and an der ived from t h e  mean e a r t h  
r ad ius .  Most previous works have used 0 = 9 0 ' 4  and r = 6371.2+h where 
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h i s  the  geodetic l a t i t u d e  and h - the a l t i t u d e  of t h e  observat ion above 
the  e a r t h ' s  surface.  We ins tead  now use t h e  r e l a t i o n s  
c o t  8 = {h %'A2cos2X+F?sin2i +E?] t a n  h and 
h dA2.GOS2 h+E? sinh +A2 
9 = h' + 2h d&08A+l?sin2i + A 4 c o s 2 h + ~ s i n 2 h  
cos2 A+$ s in2 A 
f o r  determining 8 ,  r given h and A ,  where A and B a r e  r e s p e c t i v e l y  t h e  
e a r t h ' s  e q u a t o r i a l  and polar  rad ius .  
expansion V f o r  g was 6371.2 Km t o  correspond t o  the  e a r t h ' s  mean rad ius .  
The value used i n  the  p o t e n t i a l  
Thus i n  recomputing the f i e l d  from the derived s e t  of c o e f f i c i e n t s  a 
t r u l y  geocen t r i c  and 0 must be used. The c o r r e c t i o n  f o r  i s  the  more 
s i g n i f i c a n t  of these  whereas t h e  co r rec t ion  f o r  t he  l a t i t u d e  is qu i t e  
s m a l l .  
d a t a  on the spheroidal  e a r t h  (e.g.  X and Z)  a small r o t a t i o n  a l s o  needs 
t o  be made f rom the  geocentr ic  d i r e c t i o n s  derived from i? = - 9 V .  
To be e x a c t l y  cons is ten t  with the d i r e c t i o n s  of the measured 
That 
is, i f  the  geocentr ic  components of F a re  given by 
then the components X ,  Y and Z a r e  given by 
X = -F 8 COSS -F r s i n 6  
Y = F  cp 
Z = Fg sin6 -Fr COS& 
where 6 i s  the angle between geodetic and geocentr ic  l a t i t u d e  and can 
be computed from expressions such as sin6 = sinh s i n e  - cosh cos8. Since 
, !  
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6 i s  only of t he  o rde r  of  0.2' t h e  c o r r e c t i o n  i s  n o t  of much consequence 
f o r  most eva lua t ions  of t h e  f i e l d  a t  t h e  e a r t h ' s  su r f ace .  
Both Schmidt (ChaDman and Bartels, 1940, pg. 641) and Jones and 
NelotLe (1953) contended t h a t  the use of a spheroidal  e a r t h  i n  these  
c a l c u l a t i o n s  was no L a meaningful improvement. However, t h e  accuracy 
o f  t hese  past workers was only of t h e  o rde r  of one percent .  
they d id  no t  need t o  ex t r apo la t e  t h e  f i e l d  t o  any s i g n i f i c a n t  d i s t a n c e  
above t h e  e a r t h ' s  surface.  Making the approximations r = 6371.2 
+ h and 8 = 90' - h during Lhe a n a l y s i s  f o r  
the syn thes i s  o f  t h e  f i e l d  components one a l s o  used the  same r e l a t i o n s .  
T h j s  i s  mathematically equ iva len t  t o  mapping the f i e l d  from t h e  spheroid 
onto the mean sphere i n  f ind ing  the c o e f f i c i e n t s  and then mapping from 
the sphere back t o  the spheroid f o r  t h e i r  evaluat ion.  The i n h e r e n t  
e r r o r s  i n  t h i s  process can best be i l l u s t r a t e d  by the following numerical 
example. 
Fu r the r  
and h: meant that  in 
A s e t  of s p h e r i c a l  harmonic c o e f f i c i e n t s  was taken t o  r ep resen t  the 
exac t  p o t e n t i a l  funct ion,  V (r, 8 ,  rp). 
n o t  important, o the r  than t h a t  i t  used 4.8 c o e f f i c i e n t s  and did r ep resen t  
the a c t u a l  geomagnetic f i e l d  t o  about 2%. Using t h i s  p o t e n t i a l ,  a set  of 
ltobserved1! d a t a  was ca l cu la t ed  t o  s imulate  exac t ly  what an observer 
would measure i f  he were to occupy each p o i n t  with h i s  magnetometers, 
l e v e l s ,  and surveying instruments  on the spheroidal  e a r t h .  The "observed" 
E ' ,  H ,  X ,  Y ,  and 2 were computed over a 10' mesh in longi tude and l a t i t u d e ,  
and at a l t i t u d e s  of' 0, 10, 1000, 10,000 km. Using the set  of 2 ' s  f o r  
The form of t h i s  p o t e n t i a l  i s  
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zero a l t i t u d e ,  a se t  of c o e f f i c i e n t s  was c a l c u l a t e d  assuming a s p h e r i c a l  
e a r t h  exac t ly  as has bzen done by many i n v e s t i g a t i o n s  i n  the  p a s t .  
o rde r  t o  make t h i s  f i t t e d  f i e l d  agree with the tlobservedlt f i e l d  t o  less  
than one g m a  e r r o r ,  i t  was necessary t o  compute ?Is and h m l s  up t o  
n = 16, m = 16. 
In 
n n 
The d i f f i c u l t  areas t o  f i t  were nea r  t he  po le s .  
Now using t h i s  se t  of c o e f f i c i e n t s ,  llcomputedll va lues  of t h e  f i e l d  
were c a l c u l a t e d  f o r  the same p o i n t s  as t h e  'Lobssivedll se t ,  now assuming 
a s p h e r i c a l  e a r t h .  These two sets of f i e l d  p o i n t s  were compared and 
t h e  l a r g e s t  e r r o r s  are given i n  the t a b l e :  
Maximum e r r o r s  (gamma) 
Al t i t ude  - Z X Y 
1 
0 0 154 25 
10 0 152 25 
1000 49 87 13 
10,000 10 7 1 
H F 
153 149 
151 148 
86 65 
7 10 
When the absolute  magnitudes of t h e  f i e l d  are taken i n t o  account 
the r e s u l t  i s  thaL the m a x i m u m  e r r o r  a t  & a l t i t u d e s  i s  of t h e  order  
of 0.5%. 
t h a t  would c o n s t i t u t e  a !noise1 l e v e l  i f  the s h p e  of t he  e a r t h  were 
ignored i n  a f i e l d  deLermination. 
3 .  S e l e c t i o n  of Data 
This  percentage error would be the  approximate inconsis tency 
Another dec i s ion  necessary i n  computations such as t h i s  i s  whether 
t o  perform some reduction and  smoothing of t h e  d a t a  p r i o r  t o  a n a l y s i s  
o r  i n s t e a d  t o  analyze the raw d a t a .  A s  previously dicussed most of t he  
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p r i o r  determinations of t he  main f i e l d  have been done using compiled 
charts. 
which u t i l i z e s  l i t t l e  of t he  p o t e n t i a l  form of the f i e l d  and r a i s e s  
This technique r e p r e s e n t s  t h e  u l t i m a t e  degree o f  d a t a  reduct ion 
illmy quest ions which a r e  more properly l e f t  t o  the  d a t a  a n a l y s i s .  
example, map d a l a  have f r equen t ly  been generated f o r  the e a r t h ' s  sur-  
f ace by merely using a dipole  r e l a t i o n  t o  "reduce" airborne observat ions.  
Such procedures obviously des t roy  what l i t t l e  
a v a i l a b l e  f o r  a iding i n  Lhe determinat ion of t h e  p o t e n t i d  terms. 
For  
dependent. d a t a  a r e  
There are,  however, v a l i d  reasons f o r  consider ing some reduct ion 
of the survey d a t a  p r i o r  t o  ana lys i s .  The main t h e o r e t i c a l  i ncen t ive  
i s  t h a t  i n  making a s p h e r i c a l  harmonic a n a l y s i s  determining a non- 
i n f i n i t e  s e t  of c o e f f i c i e n t s  from an i r r e g u l a r l y  d i s t r i b u t e d  s e t  o f  
d a t a  t h e r e  is  a tendency f o r  the neglected higher  order  harmonics t o  
inf luence the values of t he  lower order  terms. This  ' a l i a s i n g '  (Blackman 
and Tukey, 1958) might be reduced by s p a t i a l l y  smoothing the d a t a  s o  
t h a t  only those wavelengths are l e f t  which correspond t o  the degrees of 
harmonics n determined. 
t he  va lues  of t he  lower order  terms change somewhat as more c o e f f i c i e n t s  
a r e  added to t h e  s e r i e s  unless  such smoothing i s  done. However, t h e  
in f luence  of t h e  high order i r r e g u l a r i t i e s  can be minimized, p a r t i c u l a r l y  
f o r  Lhe ILwest degree terms, by carrying the determination to a s u f f i -  
c i e n t l y  high degree. This procedure i s  p r a c t i c a b l e  so long as the 
neglected harmonics are of s u f f i c i e n t l y  low amplitude. 
as shown by Alldredge (1963) t h e  amplitudes do i n  f a c t  appear t o  decrease 
Thus i n  any a n a l y s i s  of a given s e t  of d a t a  
For tuna te ly ,  
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a t  l e a s t  f o r  degrees  of 2 continuing beyond 10. 
There a re ,  of course,  p r a c t i c a l  reasons f o r  wishing to  reduce t h e  
s e t  o f  d a t a  to be analyzed, i n  t h a t  t h e  computation time would bs 
imprac t i ca l ly  l a r g e  i f  a numerical f i t  were made t o  all a v a i l a b l e  
survey d a t a  i n  one computalion. However, t h e  nature o f  t h e  data them- 
selves make t h e  dec i s ions  as t o  the type of smoothing very complex. 
F o r  t h i s  reason we have here  chosen t o  i n s t e a d  make a s e l e c t i o n  from 
the c u r r e n t l y  a v a i l a b l e  d a t a  with simple c r i t e r i a  based on the r e s u l t  
d e s i r e d .  Since the o r i g i n a l  i n t e n t  of t he  study was t o  develop the  
most accurate  reference f i e l d  f o r  t h e  c u r r e n t  epoch f o r  use in con- 
j u n c t i o n  with t h e  a n a l y s i s  of da t a  from satel l i tes  t o  be launched during 
the IQSY, the  l a tes t  se t  of survey observat ions t h a t  give an adequate 
coverage of t h e  e a r t h  was selected.  
The s e t  of a l l  d a t a  ava i l ab le  from t h e  Geomagnetism Division of 
t he  U .  S. Coast and Geodetic Survey for t h e  period 1900-1962 comprised 
215,757 observat ions of one o r  more components o r  a total of  about 
450,000 component, observat ions (Hendricks and Cain, 1963). 
centage d i s l r ibuLion  of these d a t a  by decade is  given in Table 1 and by 
a1 Li I,ude i n  Table 2 .  'l'he r t i a i r i  bu Lk o f  the l u  Lest d u I ~  a r e  f'rorn u i r -  
borne observat ions (Serson, 195'7, 1960; - USNOO, 1963; Behrendt and Wold, 
1963). 
3 (Cain, -- e t  a1 1962).  
1955 i s  given i n  Figure 1. 
of longi tude and lat,it,ude i s  represented on this diagram. A s  i, ' v i u i u s  
The per- 
The only s a t e l l i t e  dtii.a included i n  t h i s  se t  are from Vanguard 
A p l o t  of' the  p o s i t i o n s  o f  a l l  d a t a  taken s i n c e  
Only one observat ion p e r  0.5' by 0.5' block 
Table 1 
D i s t r i b u t i o n  of magnetic survey da ta  (1900-1962) by a l t i t u d e .  
Alti tude (Km) Percent  
0 (surface) 
0.1-2 (airborne) 
2 - 4 ( a i rbo rne )  
4 - 8 (a i rborne)  
510-3750 (Vanguard 3) 
5 5  
4 
32 
8 
1 
Table 2 
D i s t r i b u t i o n  of magnetic survey d a t a  by Decade 
Years 
1900 - 1909 
1910 - 1919 
1920 - 1929 
1930 - 1939 
1 Y 4 O  - 1949 
1950 - 1959 
1960 - 1962 
Percent  
7 
12 
7 
6 
25 
27 
15 
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from this Figure any determination of t he  e a r t h ' s  f i e l d  which would 
be r ep resen ta t ive  of t h a t  over t he  whole e a r t h  would r equ i r e  d a t a  
to f i l l  i n  t h e  l a r g e  gaps over t he  southern oceans and Asia. 
In o rde r  t o  provide a reasonably uniform d i s t r i b u t i o n  of d a t a  
and t o  reduce the  number t o  t h a t  p r a c t i c a l  f o r  ana lys i s ,  an equal-area 
g r i d  was constructed based on the a rea  o f  a 2O x 2' l a t i t ude - long i tude  
block a t  the equator.  
longi tude  and segments o f  l a t i t u d e  within each lune so t h e  area would 
The ea r th  was thus  divided i n t o  180 lunes  of 
be the same as t h a t  f o r  t he  l o w e s t  l a t i t u d e  blocks bounded by the 
equator and the  2 2' p a r a l l e l s .  There were thus  58 segments i n  la t i -  
tude from pole-to-pole with the longes t  of almost 15O near  t h e  poles .  
The l a t e s t  survey o r  annual mean observat ions were then se l ec t ed  from 
a l l  d a t a  fo r  each such block. It  was su rp r i s ing  t o  f i n d  only 8112 of  
t he  t o t a l  104,!+0 such blocks f i l l e d  by d a t a  a f te r  lqOO! A time-area 
s tudy of the r e s u l t i n g  se lec ted  d a t a  was then  made and i t  was found 
t h a t  a r e l a t i v e l y  s m a l l  quant i ty  would be l o s t  by d e l e t i n g  all d a t a  
p r i o r  t o  1940. 
served d a t a  ava i l ab le  f o r  the  A s i a n  cont inent  i s  given f o r  epoch 1940.0. 
The only o ther  s u b s t a n t i a l  area t h a t  would be l o s t  by r e s t r i c t i n g  the 
d a t a  t o  pos t  1940 observations was the  Souih P a c i f i c .  However, t hese  
South P a c i f i c  d a t a  a re  now a lmost  worthless  s ince  they  were taken over 
f o r t y  yea r s  ago and the re  a re  no magnetic observa tor ies  i n  ad jacent  
areas t o  a i d  i n  r e l a t i n g  them t o  present  da t a .  
The main reason f o r  t h i s  f a c t  i s  t h a t  t h e  l a t e s t  ob- 
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One danger i n  making a f i t  t o  t h e  r e s u l t i n g  d a t a  s e t  was t h a t  it 
would be d i f f i c u l t  t o  d i s t i n g u i s h  s e c u l a r  changes from the  ordinary 
s p a t i a l  v a r i a t i o n s .  
ii s e l e c t i o n  of observatory annual means was added from the  per iod 
1940-1962. 
observatory d e n s i t y  the  number of annual means was l i m i t e d  t o  one p e r  
yea r  p e r  l o o  by 10' block of l a t i t u d e  and longi tude.  
In order  t o  connect t h e  d i f f e r e n t  a r eas  i n  Lime 
To avoid d i s t r i b u t i n g  these t o o  densely i n  areas of high 
Figure 2 i s  a p l o t  of t h e  positions of t h e  d a t a  a c t u a l l y  used i n  
t h i s  computation. 
which d a l a  were a v a i l a b l e  only p r i o r  t o  1940 and were hence discarded.  
The shaded a reas  i n d i c a t e  the l a r g e s t  of those f o r  
In  preparing these d a t a  f o r  a n a l y s i s  an e f f o r t  was made t o  s e l e c t  
from each da ta  source only Lhe observed components. Since each compon- 
e n t  i s  f i t t e d  s e p a r a t e l y  t h e  use of der ived d a t a  would have placed t o o  
high a weight on a given observation. 
obvious from the  information a t  hand a m a x i m u m  of t h r e e  components was 
s e l e c t e d .  
In i n s t a n c e s  where no choice was 
The se t  of weights wi previously def ined was then assigned t o  va r ious  
d a t a  c l a s s e s  according t o  the estimated accu rac i e s  of t h e  observat ions.  
I This  assignviernt of weights as w e l l  as t h e  s e l e c t i o n  of t he  observed 
components was made with the cooperation of  t h e  Geomagnetism Divis ion 
of the U .  S. Coast and Geodetic Survey. These e s t ima tes  cannot be 
considered more than q u a l i t a t i v e  s ince  they a r e  complicated by many 
factors. For example, i n  the previous formulation the re  i s  no allowance 
f o r  e r r o r s  i n  the p o s i t i o n  ( o r  time) f o r  a given observat ion.  Thus the  
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weights must include some allowance f o r  p o s i t i o n a l  e r r o r s .  Th i s  f a c t o r  
i s  most c l e a r l y  shown by the Vanguard 3 d a t a  where i t  i s  noted by Cain 
e t  -- a1 (1962) t h a t  whereas t h e  e r r o r s  in the  a c t u a l  observat ion were 
only o f  t he  o rde r  of a gamma, the  seve ra l  ki lometer  e r r o r  i n  p o s i t i o n  
provided an inhe ren t  ' n o i s e '  l e v e l  o f  the o r d e r  of 1Oy t o  t he  da t a .  
. -  
P o s i t i o n a l  e r r o r s  become even more important n e a r  t h e  e a r t h ' s  su r f ace  
where the s p a t i a l  g r a d i e n t s  a r e  l a r g e r .  The g r a d i e n t s  t h a t  are s i g n i f -  
i c a n t  are of course n o t  those of the c r u s t a l  anomalies but those of t h e  
der-ived f i e l d .  The weight assignments a l s o  depend on t h e  smoothing 
involved i n  the  observat ions.  This smoothing i s  e i t h e r  done s p a t i a l l y  
by averaging observat ions over a t rack segment of  t h e  observing veh ic l e  
( e . g .  Zarya = 300 Km; P r o j e c t  Magnet = 8 Km f o r  D and I bu t  < .5 Km f o r  F) 
N N 
or  temporally by determining Lhe mean f i e l d  a t  one l o c a t i o n  over the 
pe r iod  of' s e v e r a l  days (e.g.  r epea t  s t a t i o n s )  o r  up t o  a year  (magnetic 
o b s e r v a t o r i e s ) .  Table 3 g ives  t h e  estimated accu rac i e s  used i n  assigning 
weights. Since the weights f o r  D and I were 'converted '  t o  f o r c e  units 
t h e y  should be m u l t i p l i e d  by f a c t o r s  of t he  o rde r  of 500 ( H  o r  F - 3OOOOy) 
f o r  comparison with t h e  o t h e r  accuracies .  Further  s t u d i e s  w i l l  need t o  
be made to a s c e r t a i n  whether these assignments provide a meaningful i m -  
provement. over unweighted f i t s .  
4 .  Resu l t s  
P r i o r  t o  the determination of t he  f i n a l  s e t  of c o e f f i c i e n t s  t o  best 
f i t ,  the s e l e c t e d  d a t a ,  preliminary c a l c u l a t i o n s  were made t o  ob ta in  a 
q u a l i t a t i v e  p i c t u r e  of Lhe meaning of the r e s u l t s  and to ? w i d e  on the 
Table 3 
- Data Class 
Estimated accuracies  o f o r  var ious  classes of d a t a  
used i n  computing t h e  sphe r i ca l  harmonic c o e f f i c i e n t s  
A .  Weights a re  l / a  f o r  H,Z,F, 180/unH f o r  D and 
180/anF f o r  I .  Dashes appear i f  elements were not  
observed f o r  t h i s  Data Class. 
Observatory annual means 
Repeat S t a t i o n s  
Land Survey 
Shipboard 
Ship-towed Magnetometer: 
Proton 
F 1 uxg a t  e 
Airborne* 
S a t e l l i t e  (Vanguard 3) 
* OlJserved E l e m e n t s  are: 
Elements 
D I H z F 
degrees  g amina 
,0033 .006 5 15 15 
2 - , 033  ,083 5 
.1 .1 30 50 - 
- - .083 .083 25 
- 10 
- 40 
. 3  . 1  60 60 30 
- 10 
- - I 
I - -- 
- -_ -- 
P r o j e c t  Magnet DIF 
Canadian Airborne DHZ 
Univ. of Wisconsin F 
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m a x i m u m  number of c o e f f i c i e n t s  that  would be s t a t i s t i c a l l y  v a l i d .  
Expanding the c o e f f i c i e n t s  i n  time about a mean time (-1957) f o r  the  
s e l e c t e d  d a t a  we may wr i te  f o r  n 
m -  .m - ..m - 
+t)= gn( I;) + (t-t) g n ( t )  + (t-t)" gn( t )  bn 
and a s i m i l a r  expression f o r  g( t ) .  
pre l iminary  c a l c u l a t i o n s  were the m a x i m u m  degree n 
terms, 
and a parameter k, denoting the s e l e c t i o n  of each k t h  observat ion.  
The parameters var ied in these  
f o r  the s p a t i a l  a 
and & f o r  the first and second time d e r i v a t i v e s  respec t ive ly ,  
The 
r e s u l t s  t h a t  were derived from these f i t s  were the c o e f f i c i e n t s ,  t h e i r  
f i r s t  and second time d e r i v a t i v e s  and the corresponding standard e r r o r s  
2' 
On, m On and 8: of the  amplitudes $ = 4 g2+ $, ---- as previously 
def ined.  One i n t e r e s t i n g  result from using var ious non-multiple values  
of k - was t h a t  f o r  d i f f e r e n t  subsets  of the se lec ted  d a t a  the v a r i a t i o n s  
i n  i n d i v i d u a l  parameters d id  i n  f a c t  match those est imated by t h e i r  
s tandard e r r o r s .  
e s t ima tes  a r e  r e a l i s t i c .  The only f l a w  i n  t h i s  reasoning l i e s  i n  the 
l a r g e  gaps i n  the time - space d i s t r i b u t i o n s  of t he  d a t a  which allows 
only  small v a r i a t i o n s  i n  the d i s t r i b u t i o n s  by the choice of  va r ious  
va lues  of k. 
can only be made when a t  l e a s t  the s p a t i a l  coverage of data i s  made 
more uniform. 
This  f a c t  gave some confidence t h a t  the standard e r r o r  
The r e a l  t e s t  o f  the  v a l i d i t y  of' the standard e r r o r  e s t ima tes  
The immediate p r a c t i c a l  problem t h a t  arose i n  the  computation of the  
results was the  l i m i t a t i o n  i n  :he maximum nuniber of c o e f f i c i e n t s  t h a t  
could be used. Including the var ious check columns, the number of 
- 20 - 
computer core l o c a t i o n s  r equ i r ed  t o  s t o r e  t h e  ma t r ix  of  cons t an t s  f o r  
the normal  equat ions was given by N ( N - ; 5 )  where N = 
(rim + 2) + Hm (Q2). Thus the s to rage  va r i ed  as t h e  f o u r t h  power of 
t he  m a x i m u m  degree of t he  c o e f f i c i e n t s .  One a l l? \ i i . a t ing  f a c t o r  t h a t  
was soon apparent was Lhat none of the amplitudes of the second time 
d e r i v a t i v e s  exceeded the 1.96 'ci (95% confidence) l e v e l  and very few 
a t t a i n e d  0.67 & (50% confidence).  
t h e i r  computation by s e t t i n g  h=O f o r  t he  remainder o f  t he  t e s t s .  
implicat ion here  i s  only tha t  the curvature  i n  the s e c u l a r  change of 
t he  s p a t i a l  terms i s  no t  s i g n i f i c a n t  f o r  the se l ec t ed  da ta .  I t  i s  w e l l  
Enown that, a t  a given l o c a t i o n  on the e a r t h  there i s  a measurable de- 
v i a t i o n  f'rom l i n e a r i t y  over such spans as the  23 yea r s  covered by the 
d a h .  It, i s  l i k e l y  tha t  i t  would be necessary t o  take a much l a r g e r  
and more uniformly d i s t r i b u t e d  s e t  of da tu  over a longer per iod before  
;I meaningful determination could be made of the second d e r i v a t i v e s .  
(% + 2) + h, 
This  f a c t  r e s u l t e d  i n  e l imina t ing  
The 
The f i n a l  f i t  t o  t h e  s e l e c t e d  d a t a  was thus  made with k _ = l  (all d a t a ) ,  
hm=O, hm=5 and nm=7. 
no d a t a  were accepted which d i f f e r e d  from computed values by more than 
200Uy, a value of the o rde r  of f i v e  times t h e  standard dev ia t ion .  O f  
the  t o t a l  number of 217'79 component observat ions t h i s  r e j e c t i o n  c r i t e r i o n  
only eliminated 84 observutions.  
f ' i t  Lo t he  r.ern~iinirig 21695 ob:;cr+vahion:: i L given i n  '1':ibLe I+.  The 
:,i~;i terms are r-ounded to Ltic neurc::;I. c:mlii and t !le f i r s t  time 
(ldriv:it,ives to ~ i i e  ne:ri>L;t. t,en 1 ~ 1  y/ycar-. AL t , / i o u ~ r h  ~,kie i~ver'~ige time of 
Since some of t he  d a t a  were anomalous o r  i n  e r r o r ,  
The i * e s u l  Ling bes t  s e t  of c o e f f i c i e n t s  
Table 4 
n m h 
1 
1 
2 
2 
2 
3 
3 
3 
3 
4 
4 
4 
4 
4 
5 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
7 
7 
7 
7 
0 
1 
0 
1 
2 
0 
1 
2 
3 
0 
1 
2 
3 
4 
0 
1 
2 
3 
4 
5 
0 
1 
2 
3 
4 
5 
h 
0 
1 
2 
3 
4 
5 
6 
7 
-30426 
- 2174 
- 1548 
3000 
1323 
1275 
87 7 
957 
7 97 
527 
- 400 
27 3 
- 241 
353 
23 1 
-33 
- 147 
-79  
58 
7 1  
20 
- 241 
- 1 9  
- 0  
- 100 
90 
- 47 
- 2  
-26 
-11 
26 
6 
6 
1571, 
- 2009 
15 .9  
7 . 3  
- 2 4 . 8  
-0.8 
0 . 8  
- 0 . 4  
-10 .5  
3 . 4  
- 1 . 9  
0 . 8  
5 . 4  
-1 .9  
- 0 . 2  
0 . 8  
3 . 5  
-0 .7  
2 . 5  
0 . 6  
0 . 0  
1 .6  
5761 
- 1949 
20 1 
-442 
233 
-118 
149 
- 266 
- 4  
- 262 
0 
124 
- 104 
- 98 
75 
6 
86 
58 
- 18 
- 25 
5 
- 51 
- 2 2  
6 
- 38 
44 
- 4  
- 26 
- 1 . 9  
- 14.0 
-17.7 
1 . 9  
4.0 
- 9 . 0  
- 0 . 9  
- 1 . 7  
3.2 
- 5 . 5  
1.8 
2.9 
- 0 . 8  
- 0 . 4  
- 0 . 2  
Best f i t  t o  s e l e c t e d  d a t a  i n  gamma f o r  t h e  s p a t i a l  terms 
and  , y / y e a r  f o r  f i r s t  d e r i v a t i v e s .  Epoch i s  1960 .0 .  
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the d a t a  was 1957.2, the epoch was a r b i t r a r i l y  chosen as 1960.0. 
va lues  of  t he  amplitudes of the c o e f f i c i e n t s  R and k, and t h e  corre-  
The 
sponding s tandard e r r o r s  0 and d are given i n  Table 5 along with t h e i r  
r a t i o s  R/o and k/6. 
va lues  and fou r  of t he  R ' s  f a l l  below the 95% confidence (1.960) l e v e l .  
A s  can be seen from t h i s  table only one of t he  R 
From [.he previous experience i n  t e s t i n g  the f i t t i n g  process  with lower 
v a l u e s  of n!n and 4 i t  i s  believed t h a t  s i g n i f i c a n t  c o e f f i c i e n t s  could 
have been obLained f o r  at, l ea s t  one higher  degree f o r  both the s p a t i a l  
terms and t h e i r  d e r i v a t i v e s  i f '  allowed by the computer core  s i z e .  
The weighled E dev ia t ions  between the  f i e l d  and t h e  d a t a  by 
componentcre given i n  Table 6. A s  in most of t h e s e  f i t s  it i s  found 
t h a t  .the r e s i d u a l  t o  t h e  2 component d a t a  i s  about 50% h ighe r  than f o r  
t h e  o t h e r  components. 
d i f f e r s  s l i g h t l y  from gaussian i n  that the re  are many d a t a  beyond 20 
w i t h  over 1% beyond f o u r  standard dev ia t ions .  
The o v e r a l l  d i s t r i b u t i o n  of t hese  d e v i a t i o n s  
T h i s  non-gaussian com- 
ponent i s  of course mainly due t o  t h e  anomaly ' n o i s e '  i n  t he  d a t a .  
However, a gaussian curve with a o of about 20Oy f i t s  t h e  e r r o r  d i s -  
t r i b u t i o n  f a i r l y  well  up t o  about 4OOy. 
In  o rde r  t o  f u r t h e r  i n v e s t i g a t e  how the c o e f f i c i e n t s  f i t  t h e  
s e l e c t e d  d a t a ,  weighted averages were taken over  10' blocks i n  lcit i t i ide 
and long i tude  and the  r e s u l t i n g  signed means p r i n t e d .  The r e s u l t i n g  
numerical  'maps' were q u a l i t a t i v e l y  inspected t o  determine t h e  areas 
where t h e  computed f i e l d  was predominantly above o r  below t h e  measured. 
It was p o s s i b l e  t o  pick o u t  areas  of  t h e  order  of  50' whose d e v i a t i o n s  
I 
. .  
i 
i 
E M ,  
2 1  
2 2  
3 1  
3 2  
3 3  
4 1  
4 2  
4 3  
4 4  
5 1  
5 2  
5 3  
5 4  
5 5  
6 1  
6 2  
6 3  
6 4  
6 5  
6 6  
7 1  
7 2  
7 3  
~ 
0 -R - 
30426 9 
6158 9 
1548 8 
3577 8 
1587 8 
1323 6 
2057 6 
1296 6 
885 7 
957 6 
811 5 
591 6 
400 6 
378 6 
241 5 
353 5 
262 5 
lo9  5 
177 5 
109 6 
58 4 
71  5 
88 4 
.- 
TABLE 5 , 
R/a 
3437 
656 
203 
476 
203 
204 
322 
206 
120 
169 
149 
103 
63 
63 
49 
69 
53 
22 
33 
19 
14 
1 5  
20 
0 - i i  
18.9 1.4 
7.6 1.3 
24.8 1.2 
14.1 1.1 
17.7 1.1 
.G 1.0 
10.7 .9 
5.2 09 
9 - 2  e 9  
0.8 .9 
5-4 - 8  
2.5 .8 
3.2 e7 
5.5 - 8  
3.5 -6 
1.9 e7 
3.8 .6 
1.0 .6 
.A .6 
1.6 .8 
K/d 
13 -3 
5 e7 
21.4 
12.4 
16.9 
-4 
11.5 
6.0 
10.7 
-9 
6.6 
3.1 
4.8 
6.8 
5.5 
2.7 
5 -9  
1.6 
.6 
2.1 
I 
TABLE 5 (Cont.) 
N, 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
8 
8 
u !i 
4 ?L7 
5 26 
6 25 
7 101 
1 99 
2 7 0 
3 23 
4 27 
5 39 
6 51- 
7 '7 
8 2') 
Amplitudes of' the-main geomagneLic f i e l d  R and of t h e i r  f i rs t  
time derivat,ive:i H in y and y/j;car r e spec t ive ly .  
o and 6 iind tht: ratio R/cr and R/6 are a l s o  given. The r a t i o s  
should exceed 1.96 f o r  a 957; confidence and 0.67 f o r  a 50% con- 
f idenc e * 
Standard e r r o r s  
TABLE 6 
RMS devia t ions  by component between computed 
f i e l d  and selected data  wi th  weights based on 
Table  3 .  
EL E MENT 
D 
I 
H 
F 
Z 
ALL 
SIGMA (y) 
20 2 
234 
2 1  I 
223 
344 
214 
OBS ERV AT1 ONS 
5998 
5087 
2958 
5 436 
2216 
21695 
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ht-rc ;y;tematically a few t e n s  up t o  a few hundreds of gammas. 
from evidence such a s  t h i s  and the o t h e r  f a c t o r s  mentioned it  i s  coli- 
cluded t h a t  there  are s i g n i f i c a n t  s p h e r i c a l  harmonics in the s e l e c t e d  
d a t a  of degree beyond seven. 
I l l u s t r a t i o n  of  r e s u l t s :  
I L L -  
Since the accu rac i e s  of most computed f i e l d s  are now within a 
percent, o f  the measured va l  aes, world maps synthesized from the harmonic: 
c o e f f i c i e n t s  a l l  appear very similar. Nevertheless ,  i t  i s  u s e f u l  t o  
ai iempt 1 0  i l l u s t r a l e  the s c a l e  of the i r r e g u l a r i t i e s  as represented 
by the h:xmonic d e s c r i p t i o n s .  Maps of F, H ,  I, and Z f o r  epoch 1965.d 
are given i n  F ig .  3 as drawn by the techniques p rev ious ly  descr ibed by 
Cain and Neilon (1963). On comparing t h i s  F igu re  with the 1960.0 maps 
given in the  ear l ier  paper one no te s  o n l y  s l i g h t  d i f f e r e n c e s  ir.. s p i t e  
of t h e  epoch being f ive  y e a r s  l a t e r  and t h e  f a c t  t h a t  t h e  p r e s e n t  
c h a r t s  use 63 i n s t e a d  of 48 s p a t i a l  c o e f f i c i e n t s .  
tire t h a t  t h e  p e r c e r , t a E  chmges i n  t h e  f i e l d  during a f i v e  yea r  i n w r  
d re  small and t h a t  the amplitudes of t he  a d d i t i o n a l  f i f t e e n  c o e f f l ,  
‘*:e s m a l l  coapared t o  those of  the lower terms. 
The reasons f o r  this 
Using swri a m o o t h  r ep resen ta t ion  i t  i s  of course n o t  ~ G S S ~ L  
i l l u s t r a t e  the numerous small scale  anomalies t h a t  a r e  found n e x  
~ 3 r t h ’ s  sc4rlhce. The contours are  thus  much smoother than are - 
C’; 1,kt3 S iL7dd:’C bGriC . ,netic c h a r t s  which are normally con- . 
by o t h e r  methc . Cne p e c u l i a r i t y  of s tandard c h a r t s ,  however: 1, 
!hey ailenipt, o show as much d e t a i l  as the d a t a  allows with the  T-- 
( b a t  lbere are f r e q  imtly kinks around aiiomalies i n  isolaLed -.? 
i c i d  dLt:: :c”v?r:Age, a t  .7’:Aootk c o n t c w s  elsewhere. I: i s  



\W 
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such maps as shown i n  Fig.  3 g ive  a m o r e  r e a l i s t i c  estimate of the 
f i e l d  averaged over t he  whole of the e a r t h ' s  su r f ace .  
A prominent f e a t u r e  of t he  secular  change c o e f f i c i e n t s  given i n  
Table 4 i s  t h e  f a c t  t h a t  t h e  2; term does n o t  dominate the series as 
does the  gy. 
able  from the  da t a ,  t h e  r e s u l t i n g  secu la r  change maps are a t  least  as 
complex as those f o r  the  f i e l d  i t s e l f .  
components, F and Z,  i s  drawn in Figure 4. 
of the 
and negat ive regions.  
b u t  with the c e n t e r s  of negat ive change occurr ing i n  low l a t i t u d e s  and 
the p o s i t i v e s  centered only i n  high l a t i t u d e s  and over Asia. Since the 
esLimaLed confidences i n  t h e  major s e c u l a r  change terms are far smaller 
than those f o r  the c o e f f i c i e n t s  of t he  main f i e l d  (cf. 
d e t a i l s  of the p a t t e r n s  i l l u s t r a t e d  a r e  equa l ly  l e s s  l i k e l y  to  be s ign i -  
ficant,. 
5. Comparison With Other Models 
Even though the re  are fewer s e c u l a r  change terms determin- 
The s e c u l a r  change in two of t h e  
The c h a r a c t e r i s t i c  feature 
map i s  t h a t  t h e  e a r t h  is almost equa l ly  divided between p o s i t i v e  
The g ross  pattern of p o s i t i v e  i i s  equa l ly  simple 
Table 5 )  t he  
I n  o rde r  t o  eva lua te  the  way i n  which the p r e s e n t l y  der ived set of 
c o e f f i c i e n t s  compare with previous models we have made a study of t h e  
d e v i a t i o n s  between t h e  a v a i l a b l e  data  and the  computed f i e l d  components 
a t  t h e  po in t s  of  observat ion.  Complete v a l i d a t i o n  can never be made 
r s i n c e  i t  i s  n o t  poss ib l e  t o  make comparisons i n  regions t h a t  are void i 
of d a t a .  
(provided enough parameters a re  used) t o  inco rpora t e  t h i s  information 
Indeed, as new d a t a  a r e  accrued i t  should always be poss ib l e  
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i n t o  the computer programs and improve t h e '  f i e l d  c o e f f i c i e n t s  accordinglyl 
The p o i n t  of t h i s  study then  can only be t o  make a comparison of t h e  
o l d e r  models t o  see how they f i t  the d a t a  a t  va r ious  epochs and t o  see 
whether s u b s t a n t i a l  improvements can be made i n  the newer models u s ing  
he mosi r e c e n t l y  a v a i l a b l e  d a t a .  Less ex tens ive  bu t  more d e t a i l e d  
comparisons have a l s o  been done by HeurinK '(1964) us ing  the set  of Van- 
guard 3 da ta .  
A d e s c r i p t i o n  of the va r ious  models used i s  given i n  Table 7. Al- 
though t h i s  l i s t  does n o t  include all published models, i t  con ta ins  most 
of those widely used i n  the p a s t  with the except ion of t h e  569 c o e f f i -  
c i e n t s  der ived by Jensen and Whitaker (1960) from the 1955 U. S .  Z 
c h a r t s .  
Seen shown i n  the p a s t  t o  be no s u b s t a n t i a l  improvement over most o the r  
m3dels i n  s p i t e  of i t s  much l a r g e r  number of c o e f f i c i e n t s .  
This  las t  model was omitted from t h e  comparison s ince  it has 
A s t a t i s t i c a l  comparison was f i rs t  made between a l l  a v a i l a b l e  survey 
d a t a  f o r  the per iod 1940-1963 and the va r ious  models l i s t e d  i n  Table 7 .  
The d a t a  s e t  used was a s l i g h t l y  l a t e r  ve r s ion  of t he  one descr ibed i n  
Tables  1 and 2 so  t h a t  some d a t a  were a v a i l a b l e  f o r  1963 t h a t  were n o t  
included i n  the o r i g i n a l  s e l ec t ion .  
observed and computed components were derived as described i n  the  f i t t i n g  
of t h e  d a l a  except tha t  no weighting f a c t o r s  were used i n i t i a l l y .  
- rms dev ia t ions  of the angular components A D  and AI were computed s e p a r a t e l y  
i n  angular units but  then weighted by H and F r e s p e c t i v e l y  when combined 
The E dev ia t ions  between t h e  
The 
with the sums of  squares  from the  AF, A H ,  and A Z .  The d a t a  were grouped 
TABLE 7 
Symbol 
A 
LME 
F+L 
F+L( t) 
J + C  
N+O 
V 
J + M  
USSR 
F+K 
Reference” 
S e t  o f  c o e f f i c i e n t s  l i s t e d  in Table 4 
Leaton, Mal in  and Evans, 1964. ( A  f i t  
with % = 8 and & = 7 t o  a set  of  X and 
Y computed d a t a  assuming a sphe r i ca l  e a r t h ) .  
(Finch and Leaton, 1957) 
The ( t)  added t o  F+L i n d i c a t e s  t h a t  the  
secu la r  change terms of Leaton (1962) were 
used. 
Jensen and Cain (1962) 
(Nagata and Oguti, 1962) The use of t h e  (2 )  
means t h a t  both the i n t e r n a l  and e x t e r n a l  
f i e l d s  were added. 
evaluat ion was made using only the i n t e r n a l  
f i e l d  . 
Ves t i n e  (1960) 
Jones and Melotte (1953) 
Adam e t  61 (1962) Table 4, Adam e t  a1 (1963) 
s3cular  change from appendix (61 observator ie  s 
If (i) only appears,  t h e  
1954-1959) 
Fauselau and Kautzleben (1956) 
*A l i s t i n g  o f  some of these c o e f f i c i e n t s  can be found i n  a r e p o r t  
by the au thors  (Cain e t  a l ,  1964) 
- 25 - 
according t o  each year  1940-1963 and by the source of the observat ions.  
The source ca t egor i e s  were: observatory annual means, sur face  ( land  o r  
sea surveys) ,  a i rborne ,  and satell i te (Vanguard-3 F on ly ) .  Results 
were tabula ted  f o r  each of the  component-source-year groups. 
were a l s o  tabula ted  by source-year and yea r  alone and a l s o  f o r  each 
Summaries 
source-component o r  source alone f o r  all years 1940-1963. 
se t  of c o e f f i c i e n t s  A ,  d a t a  were f i r s t  r e j e c t e d  i f  t h e i r  devia7;ion 
exceeded 300Oy i n  the components, F, H ,  Z o r  10' i n  t he  angles  I G r  D .  
I n  each succeeding comparison the same r e j e c t i o n  c r i t e r i a  were maintained 
f o r  t he  remaining da ta .  
Table 8 f o r  t he  eleven d i f f e r e n t  models. The las t  column i s  l abe led  
"Maximum number of observations" since i n  order  t o  conserve computer 
time, only a f r a c t i o n  of t he  ava i lab le  d a t a  were used f o r  each model. 
The f i g u r e s  i n  the  t a b l e  represent  the E dev ia t ions  from the  l a r g e s t  
daLa sample i n  those cases  where d i f f e r e n t  sample s i z e s  were used. i n  
making such comparisons using d i f f e r e n t  subse ts  of t he  d a t a  the r e s u l t s  
v a r i e d  up t o  a few t ens  of gamma. 
t h i s  amount should be considered s i g n i f i c a n t .  
Using the 
A summary o f  the  results by year  i s  given i n  
Thus only those d i f f e rences  exceeding 
The two se t  of f i e l d  coe f f i c i en t s ,  A and LME, appear t o  have the  
lowest  r e s i d u a l s  t o  the  d a t a  o f  a l l  c o e f f i c i e n t s  s e t s  over n o s t  of t he  
i n t e r v a l  1940-1963. This  improvement i s  s t r i k i n g  even over the FtLi;) 
c o e f f i c i e n t s  which a re  t h e  next  bes t  se t  over the  whole i n t e r v a l  1940-1964. 
P a r t i c u l a r  o the r  s e t s  o f  c o e f f i c i e n t s  show r e l a t i v e l y  low r e s i d u a l s  
n e a r  t h e i r  epoch time but  n o t  elsewhere. Noteworthy i n  t h i s  respec t  are 
m 
k .d 
O Q  
a , L 4  0 0 0 0 0 0 0 0 0 0 0 0 '  0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
E 2 0  aNmNdNN~NNmda~f-irlrlrlrlNmmMrl 
3 .n a, 
3 s  N o o o r l o o o o o o m o o m d N o n N a d o o  
rld rl d d  
n 
.A 
VI 
3 m 
4 
a3 
rA m 
d 
N 
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d 
VI 
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.-I 
VI 
a3 
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Q\ 
d 
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d 
0 
\D 
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tn 
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Vest ine '  s (1960) 1945-epoch c o e f f i c i e n t s  which appear t o  give c o n s i s t e n t l y  
low r e s i d u a l s  over t h e  y e a r s  1942-1945. The N+O(i) s e t  appear t o  g ive  
c o n s i s t e n t l y  good r e s u l t s  i n  the i n t e r v a l  1952-1956 and f o r  a few pre- 
v ious  years but tend t o  become worse a t  and a f te r  t h e i r  epoch of 1958.5. 
Th i s  tendency f o r  f i e l d  models t o  b e t t e r  f i t  the d a t a  p r i o r  t o  t h e i r  
epoch i s  t h e  r e s u l t  o f  the f a c t  t h a t  most authors  a r e  attempting t o  
compuLe a f i e l d  v a l i d  a t  Lhe time of pub l i ca t ion  based only on p a s t  da t a .  
This  r e s u l t  i n d i c a t e s  t h a t  ' c o r r e c t i n g '  d a t a  t o  a given epoch i s  n o t  
on the whole success fu l .  
I 
The s e t  of c o e f f i c i e n t s  derived by Nagata and Oauti (1962) were used 
t o  determine how the a d d i t i o n  of external terms change t h e  r e s i d u a l s  t o  
the da t a .  A s  can be seen from the  column N+0(2) and N+O(i), t h e  use of 
i n t e r n a l  terms only g ives  a b e t t e r  f i t .  
i s  probably t h a t  t he  e x t e r n a l  terms r ep resen t  only the e r r o r s  i n  the  
maps from which the determinations were made and are un re l a t ed  t o  any 
r e a l i s t i c  e x t e r n a l  f i e l d .  
The reason f o r  t h i s  discrepancy 
The comparison between t h e  Finch 'and Leaton (1957) c o e f f i c i e n t s  with 
and without Lea ton ' s  (1963) time d e r i v a t i v e s  i s  i n d i c a t i v e  t h a t  t h e  use  
of s e c u l a r  change terms i s  important even over a few yea r s .  The i n t e n t  
of the computation made by Jensen and Cain (1962) was t o  improve t h e  
r e s i d u a l s  over those of F+L (no time d e r i v a t i v e s ) .  
f o r  the y e a r s  1959-1963 the J+C r e s i d u a l s  are indeed less  t h a t  the F+L 
It can be seen t h a t  
I by about 10%. However, when the t i n e  d e r i v a t i v e s  a r e  added (F+L(t)), t h i s  
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improvement  i s  e l i m i n a t e d  so t h a t  t h e  two s e t s  of c o e f f i c i e n t s  are 
m e r e l y  c o m p a r a b l e .  
H a v i n g  e s t a b l i s h e d  : : I  .L t h e  p r e s e n t l y  d e r i v e d  c o e f f i c i e n t s  A and 
LPlE c l e a r l y  g i v e  r e s u l t s  t h a t  o re  much more r e p r e s e n t a t i v e  o f  t h e  f i e l d  
t h a n  a n y  of  t h e  o t h e r s  i t :  i s  u s c f u l  t o  colapare t h e s e  i n  more d e t a i l  t o  
see w h e r e  t h e  d i f f e r e n c e s  may l i c ! .  I n  t l i e  y e a r l y  co i i ipnr i sons  of T a b l e  
8 t h e  r e s i d u a l s  a r e  smaller f a r  t i l t !  A f i e l d  t l i a n  LNE f o r  o n l y  n i n e  of 
t h e  24 y e a r s  and e x c e p t  io l -  cLic1 196'5 d a t , i  a re  a l l  g r o u p e d  n e a r  t h e  
b e g i n n i n g  of t h e  i n t e r v a l .  A l l  o f  t h e s e  c o n p a r i s o n s  were made u s i n g  t h e  
s u r v e y  d a t a  w i t h  e q u a l  w e i g h t s  wher-eas t h e  f i t  r e s u l t i n g  i n  t h e  model  A 
was a c t u a l l y  made w i t h  w e i g h t s  e s t a b l i s h e d  by T a b l e  3 .  T a b l e  8 was c o n -  
s t r u c t e d  i n  t h i s  u n w e i g h t e d  way i n  o r d e r  t o  s i m p l i f y  t h e  d i s c u s s i o n  a n d  t o  
see w h e t h e r  t h e  u s e  o f  w e i g h t s  made a n y  a p p r e c i a b l e  d i f f e r e n c e  i n  t h e  
a p p a r e n t  r e l a t i v e  meri ts  of t h e  v a r i o u s  f i e l d s .  I f  t h e  d a t a  are i n s t e a d  
w e i g h t e d  a c c o r d i n g  t o  T a b l e  3 and a c o i n p a r i s o n  a g a i n  made of t h e  r e s i d u a l s  
a g a i n s t  t h e  v a r i o u s  computed f i e l d s ,  t h e  A and LME se t s  a g a i n  h a v e  t h e  
lowest r e s i d u a l s  by a f a c t o r  of t h e  o r d e r  o f  two f r o m  t h e  o t h e r s .  T h e  
r e l a t i o n  be tween A and LME however  i s  a l t e r e d  i n  t h a t  t h e  y e a r l y  r e s i d u a l s  
f o r  A n e a r l y  a l l  become t h e  s r r i a l l e r .  A s  surnniar i ied  i n  T a b l e  9 t h e  d i f f e r e n c e  
a v e r a g e s  a t h i r d  f o r  1940-1955 b u t  o n l y  7% f o r  t h e  d a t a  a f t e r  1955. I t  i s  
t h u s  a p p a r e n t  t h a t  a t  t h i s  p o i n t  t h e  r e l a t i v e  merits o f  t h e  t w o  s e t s  o f  
c o e f f i c i e n t s  d e p e n d  o n  w h e t h e r  t h e  w e i g h t s  are a c c e p t e d  as r e a l i s t i c .  
I n  b o t h  'Tables 8 and  9 t h e  d a t a  f o r  1940 are f i t  much b e t t e r  by A 
TABLE 9 
A comparison of the rms r e s i d u a l s  between observed d a t a  and d a t a  
synthesized using fields A and LME and the weighting f a c t o r s  based 
on Table 3 .  
Years 
1940 
1941 
1942 
1943 
1944 
1945 
1946 
1947 
1948 
1949 
1950 
1951 
1940-1955 
1955-1963 
rms Residuals (gamma) 
A LME Years 
433 
336 
27 8 
323 
260 
281 
277 
254 
253 
217 
307 
242 
249 322 
210 224 
1952 
1953 
1954 
1955 
1956 
19  57 
1958 
1959 
1960 
1961 
1962 
1963 
A 
217 
204 
245 
197 
232 
222 
258 
140 
249 
225 
264 
239 
Lki E 
2.44 
207 
242 
206 
223 
256 
272 
154 
27 0 
236 
258 
266 
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than b;r LME. 
Union. 
area t h e r e  i s  possibly a major d i f f e rence  between A and LME over Asia. 
Since Leaton, Mali); aid Evans (1964) i n d i c a t e  thah they used f o r  t h e i r  
a n a l y s i s  the d a t a  taken from the USSR 1950 T(=F) and 1955 D, H and Z 
c h a r t s ,  one may conclude t h a t  there are some' l a r g e  d i f f e r e n c e s  between 
The ma jo r i ty  of d a t a  f o r  t h i s  y e a r  i s  t h a t  from t h e  Sov ie t  
A s  t h e r e  was only observatory d a t a  s i n c e  t h i s  time from t h a t  
those c h a r t s  and the t o t a l  s e t  of d i g i t a l  d a t a  on f i l e .  One o the r  
p o s s i b i l i t y  i s  t h a t  the use of only s i n g l e  time d e r i v a t i v e s  may n o t  be 
adequate f o r  r ep resen t ing  the data f o r  t h i s  region weighted as heav i ly  
as ii i s  with d a t a  a t  lS4.O. 
Table 9 i n d i c a t e s  f a i r l y  l o w  r e s i d u a l s  f o r  weighted d a t a  f o r  bo th  
models f o r  1959. The reason f o r  t h i s  i s  the i n c l u s i o n  of t he  Vanguard 
3 d a t a  which have r e l a t i v e l y  high weights and match e i t h e r  model t o  -5Oy 
rms. 
p r e c i s i o n  of 17y (Cain and Hendricks, 1964) i s  f u r t h e r  indicat-ion t h a t  
higher  order  harmonics x e  needed. 
between t h e  A and LME models i s  t h a t  whereas the dev ia t ions  t o  the 
The f a c t  t h a t  it i s  poss ib l e  t o  f i t  t h e s e  s a t e l l i t e  d a t a  t o  a 
One poss ib ly  s i g n i f i c a n t  d i f f e r e n c e  
Vanguard 3 d a t a  are almost t he  same, t he  mean e r r o r s  f o r  A are c l o s e  t o  
zero whereas the  measured F average about 20y below t h a t  p red ic t ed  by 
LME a t  a l l  a l t i t u d e s .  We cannot o f f e r  any c l e a r  phys i ca l  o r  mathematical 
reason f o r  t h i s  discrepancy except t o  r e i t e r a t e  some of t he  d i f f e r e n c e s  
i n  d e r i v a t i o n  t h a t  might be s i g n i f i c a n t .  The most apparent d i f f e r e n c e  
of course i s  t h a t  t h e  f i t  t o  der ive A included t h e  Vanguard 3 d a t a  
whereas LME d i d  n o t .  Thus r eca l cu la t ing  the f i e l d  i n  the volume of t he  
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Vanguard 3 measurements becomes an e x t r a p o l a t i o n  f o r  LME but an inter-  
p o l a t i o n  using t$e A c o e f f i c i e n t s .  
on the sphe r i ca l  e a r t h  approximation which we have already shown can 
give r ise t o  e r r o r s  a t  a l t i t u d e .  
Secondly, t h e  LME f i e l d  was based 
Bearing i n  mind t h i s  average d i f f e rence  between A and LME us ing  
one sample of low a l t i t u d e  sa te l l i t e  d a t a  one may a l s o  consider  how 
t h e  f i e l d  models e x t r a p o l a t e  t o  l a r g e r  d i s t a n c e s .  
d a t a  on which such comparisons can be made i s  the s m a l l  amount o f  
Explorer X t o t a l  f i e l d  d a t a  a v a i l a b l e  f o r  March 25, 1961 from 154.4. t o  
174.0 U.T. which range from dipole  l a t i t u d e s  ( c f .  Chapman, 1963) -8 t o  
-31' and a l t i t u d e s  from 1.7 t o  7 e a r t h  r a d i i .  A s  can be seen i n  Fig.  
22 of t h e  paper by Heppner e t  al (1963) the measured f i e l d  was below 
LhaL computed by F+L by some 40y a t  t h e  lowest  a l t i t u d e  but  became equal  
t o  and g r e a t e r  than t h a t  computed as the  a l t i t u d e  was increased.  Since 
the  lowest a l t i t u d e  po r t ion  of the curve w i l l  show the  least  d i s t o r t i o n  
from the  e f f e c t s  of trapped p a r t i c l e s  and t h e  magnetopause we use i t  
t o  compare with the f i e l d  models. 
puted) f o r  seven of t he  f i e l d  models i s  given i n  Table 10. 
t e r e s t i n g  to  note t h a t  the AF f o r  a l l  f o u r  f i e l d s  LME, J+C, N+O(i), and 
F+L(t)  i s  very nea r ly  -3Oy whereas t h e  lowest  dev ia t ion  of -18y occurs  
f o r  A .  
(1963) f o r  t h e  measurement i t  would appear t h a t  t he  A model g ives  the  
b e s t  p red ic t ion  of t he  main f i e l d .  
One such sample of 
The m a x i m u m  AF (measured minus com- 
It i s  in -  
Ignoring the a l t i t u d e  unce r t a in ty  mentioned by Heppner -- e t  al 
Another independent set  of information r e l a t i n g  t o  t h e  way i n  which 
va r ious  f i e l d  models f i t  a low l a t i t u d e  f i e l d  l i n e  i s  provided by 
Table 10 , 
Difference AF (measured minus  computed) between t o t a l  f i e l d  
observed by Explorer X a t  14OSOUTH, 4'WEST, 5000 K m  a l t i t u d e ,  
zrc. r r e ! l  C Z Y  .:e: by several codels. . r  
F i e l d  
A 
LME 
J + C  
N+O( i) 
F+L 
-.- 
F+L( t) 
USSR 
AF 
- 18 
- 
- 30 
- 30 
- 29 
- 4 2  
- 30 
- 9 2  
! a  
Table 11 
Distance R (km) between p o s i t i o n  of observed a r t i f i c i a l  au ro ra  
(Leonard, 1963) and 
Model 
F+L 
J +C 
LME 
A 
-
traces t o  100 Km a l t i t u d e  using f i e l d  models i nd ica t ed .  
R (Kin) 
56 
46 
35 
26 
-
i 
. '  
- j u  - 
Leonard's (1963) observat ions of  the a r t i f i c i a l  au ro ra  conjugate t o  tiAs 
Johnson I s l and  bomb tests.  
of t h e  observed au ro ra  and the  E-layer i n t e r s e c t i o n s  t r a c e d  with v a r i o u s  
f i e l d  models. 
169.64% and 400 Km a l t i t u d e  (which appears t o  match the posi tkns given 
i n  h i s  F ig .  3 )  we tabulate i n  Table 11 t h e  d i s t a n c e  from t h e  observed 
p o s i l i o n  given by Leonard (16.6OS, 175.82%) t o  t h e  p o i n t  i n t e r s e c t i n g  
100 Km a l t i t u d e  as t r a c e d  from the estimated i n j e c t i o n  p o i n t ,  u s ing  
f o u r  f i e l d  models. 
t he  observed p o s i t i o n  with t h e  smallest e r r o r .  
In h i s  Figure 3 Leonard shows t h e  p o s i t i o n  
Assuming an approximate i n j e c t i o n  p o i n t  of 16.5OoN, 
A s  can be seen i n  t h i s  t a b l e ,  t he  A t r a c e  matches 
I n  o rde r  t o  ob ta in  a d e t a i l e d  p i c t u r e  of t h e  way in which the models 
f i t  the near su r face  d a t a  we have p l o t t e d  some of t he  dev ia t ions  f o r  a 
few of t h e  s h i p  and a i r c r a f t  da t a .  
i s  given i n  Figure 5. 
vo id  of d a t a  and should t h u s  r e s u l t  i n  t h e  l a r g e s t  dev ia t ions .  
t a i l e d  p l o t s  of t he  d i f f e r e n c e s  of t h e  observat ions from the  A and LME 
models f o r  each of t h e s e  t r a c k s  are given i n  Figure 6. The d i f f e r e n c e s  
shown are the  measured l e s s  computed as observed except  f o r  t h e  angular 
obse rva t ions  A D  and AI which were again converted t o  f o r c e  units. 
are s e v e r a l  usefu l  conclusions t h a t  can be gleaned from such p l o t s  i n  
r ega rd  t o  t h e  way i n  which these two model f i e l d s  f i t  t h e  observat ions.  
The most s t r i k i n g  f e a t u r e  i s  t h a t  there are long-period systematic  
d e v i a l i o n s  f o r  e i t h e r  f i e l d  model which i n d i c a t e  t h a t  e i t h e r  more o r  
b e t t e r  c o e f f i c i e n t s  need t o  be derived. The dev ia t ions  given i n  
A map showing the t r a c k s  i l l u s t r a t e d  
Most of  these were chosen t o  be near t h e  r eg ions  
The de- 
There 

C 
0 
0 
0 
0 
0 
0 
0 
. ............. ....... ... ... ..E.+. :s..-.. ...... 0.- .*.*'- .". *.-,.*:> .* .+ ................ --....*"- .......... * ..*. 
..; .." .".. ..,.*.... - 
"*. * 
A 
. . . . .  ... . ...... .. .. .... .-A .**-. " :-. . .... ..... ...... .--..-........- ............ ....... .- .... -.. ., . '2'. '<-;*.*~.~:.-**. k-: " *I. 
* . .  . . . . .  .... .'=".,c.":.- 
LME 
.. 
" .: - . ". . ... ........... .. ........ ......... .'- ....... .': ........ 2:. -. .... &.;"..2.. - 
AZ 
. . . . . .  -. .......... . .. .,*,.e* - .- ..'.; _-.... ...._ .- 
- 0  . -. . .  A 
..... ....... ............................ 
LME 
....... 
. .  8 "  ................ ... ..* . . ... .. ........ -a  ....... +** . .  . . . .  .. A.-L*- . * .  . *.v.- ............. . .  .. .e 
--. 
. 5.. .. - . 
............ . . . .  .......... "... .............. ........................ ".:- ............................ .. ....... ._.*.  -"-- . 
.A. .A=. .......................... - . ..... ..- 
* .. 
A AH 
....... .-..* . - 7..+ ........ ........ . ..... .._ -..,.*-,.*- *~..-*--..*--g=~ . .  ............... .................... .-*..'.'. ...... e.* .... ............. .. LME 
ZARYA 
MAY-JUNE 1958 ISOOY SOUTH ATLANTIC 
AND 
INDIAN OCEAN 
................ . . . . .  . . . . . . . . . . .  . . . . . . . .  e.: .................. .... ... - -5" . .  .. . ..... . . . . .  - -  .. . . a .  ' ... -, _. . e.. :. -. .A*:-.. ... . . .  . .  .. - . .  -- . ..* 
A HAD 
...-. . . .* .. ....... . ,.. ' * .  . . .- LZL .... . . . . .  ... ... ..- - .-A*. a*.:,. *".. -. * '. c a- c . .  *:.+..* ..- C'..... .. ........ .. . . . . .  6 .  .-. . . . .  L ME 
35"s 34OS 40.s 360s 
57.W 6 O W  45 O E  96OE 
Fig. 6a 
........ ".'....*. .*..-.-.. .- ... ......... ...... . ..... :. :." ....- . .... . .  . . . . .  ..-. "2. 04" ...., c . t  ..... .........& .* . . .  " . ,,.a7 '-. .* . 
........ :. . .......... ... a". ..... *.-.,. ... ._....e-.. . .  ...... e- - .  
AF 
0 
- 
0 
- - 
0- 
- - 
. . .  ....... ..... ..... ....... . .. s.2 -*. 2- .. 7*.**..*+ ..f ..... 7'' 2.2 ..... .-. ....... . .  .......................... :.- 
- .  . . . . .  . -. * -~ . .  .....,**......* y*....--.d- .-  
: A  F A 1  
.......... - .  ............. .._..*.. . _. ........ ... ...................... .  . . . . . . . . . . . . . .  ..' . - .  o:-..-. .. 2 ........... . .  ...... 
LME 
....... : . - .. . .  .. ...... ...... .............. 
e. .. -. -. 
A  H A D  
. ...... : . . *' I .  ....*... .. ._ ... ............. 
.-.4 ,. - a  
L ME 
1 1 
MAGNET (316) 
12/6/59 
NORTH 
P A C I F I C  
37OS 5 1 O S  60's 61's 
1 1 6 O E  1 7 3 O W  I I27O W 8 8 O W  
I 1 1 
SOUTH 
VEMA PACIFIC MARCH-MAY 60 
. .  . .  ..................... ~...':c'.'.'...:*r.'2 ".. -._*-a -.? --..-2 - . . . . .  ............................ . .  . *  - . . . . .  .- - ... AF 
. .  .-...* ,"'... . . . .  *-+..-. .. ..... ... ..... .... . .-.-. * -e.. .+ -..:.. 2. ... .- - 
5 .. .. *..-.**....... .... - -- -.. .. . . .  
1 8 0 0 ~  
- 
CAPETOWN TO 
ANTARCTIC TO SINGAPORE SOYA DEC. 59 -APRIL 60 
40's 61's 34OS IOOS 
2I0E 3I0E 28OE 73OE 
MID - PAC lFlC 
REHOBOTH 
APRIL-MAY 61 
2S0N I O O S  2iON 
12oow 132OW 157.W 
Fig. 6c 
MAGNET (633) 
9/19/63 
ARCTIC 
1800y 
HAD 
65ON 7 2 O N  80°N 720n 
146OW I IO0 w 51°W 40e 
Fig .  6d  
* 
. 
- 31 - 
Table 9 thus  appear t o  r e f l e c t  s i g n i f i c a n t  dev ia t ions  
- 
i n  addi t ion  t o  the  s c a t t e r  i n  the observations caused 
sur face  anomalies. Although there are many ins t ances  
over l a r g e  d i s t a n c e s  
by short-waveleng t h  
where the d a t a  
dev ia t ions  from the  two d i f f e r e n t  models a r e  merely d i f f e r e n t ,  there  
a r e  more ins tances  of s i m i l a r i t i e s .  
computed D i s  too  low by about a degree f o r  both A and LME. One a lso  
f i n d s  t h a t  Lhe s t r u c t u r e  of the devia t ions  i s  o f t e n  qu i t e  s i m i l a r  and 
t h a t  the wavelengths are l e s s  than 360/n, so as t o  ag& confirm t h a t  
higher  order harmonics are indeed necessary.  
be seen in MAGNET (633) AF and FBI and most of t he  ZARYA p l o t s .  
For example, f o r  MAGNET (316) the  
Such examples can clearly 
Ore can a l s o  compare the secular  change observed at the magnetic 
obse rva to r i e s  with t h a t  predicted by the A and LME models. Sample p l o t s  
of the  annual mean observations at t h r e e  obse rva to r i e s  Alibag, San Juan, 
and Sodankyla a re  given i n  Fig.  7. The d o t s  r ep resen t  the  observat ions,  
the s o l i d  l i n e s  the f i e l d  components p red ic t ed  by A and the  dashed lines 
those p red ic t ed  by LME. 
s e c u l a r  change a t  1965.0 whereas the  A model used d a t a  s e l e c t e d  over the 
whole i n t e r v a l  1940-1962 but  weighted towards more recent  times s o  t h a t  
the  mean da te  w a s  1957.2. Thus one would expect t he  s lopes of LME 
computed values  to  match those a t  1965.0 while the A values  should 
approximate the  mean slope over a t  l e a s t  the  decade of t he  1950's. A s  
seen i n  F ig .  7 t h i s  tendency i s  ev iden t  only f o r  the  H and D curves a t  
Sodankyla and Alibag. 
a t  the three  observator ies  and t h a t  computed by the two f i e l d  models 
are  of the same order  as one might expect a t  t h r e e  sur iace  p o s i t i m s .  
The LME model was based on d a t a  es t imat ing the 
The absolute d i f f e r e n c e s  between the annual means 
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C oncl u s  i on s 
We have presented a new model of t he  e a r t h ' s  main magnetic f i e l d  
and secular. change which i s  a s i g n i f i c a n t  improvement over all p a s t  
models f o r  the p e r i <  
by LeaLon, Mnlin, and Evan> (1964.). This  l a s t  model shows a comparable 
f i t  1.0 Lhe d a t a  but does no t  ex t r apo la t e  as w e l l  with a l t i t u d e  perhaps 
p a r l l y  due t o  having used Lhe sphe r i ca l  approximation to  the e a r t h ' s  
su r f ace .  The allowance f o r  t he  oblateness  of t he  e a r t h  was i l l u s t r a t e d  
to  be a necessary refinement a t  Lhe l e v e l s  of  accuracy now being reached. 
i'940-1963 with the except ion of one r e c e n t l y  derived 
I t  was apparent i n  comparing both of t he  two models a g a i n s t  survey 
d a t a  Lhat t he re  tire s i g n i f i c a n t  higher  order  harmonics in the f i e l d .  
The dev ia t ions  from the f i t s  appear t o  a r i s e  a t  least  as much from long  
wavelength systematic  v a r i a t i o n s  as from the  small-scale anomaly Itnoise1'. 
P r i o r  conclusions t h a t  c o e f f i c i e n t s  of  degree exceeding n=6 are n o t  
meslningful (Fctnselau and Kautzleben, 1956) appear t o  resul t  from analyzing 
c h a r t s  i n s t e a d  of t h e  d a h  themselves. We must conclude t h a t  a b e t t e r  
f i e l d  model can be der ived by a n a l y s i s  of  the r a w  d a t a  than  any e x i s t i n g  
world c h a r t .  
analyses  as shown here than from more conventional techniques whereby 
rhe d a t a  are "corrected" t o  a given epoch and f i e l d  contours  drawn 
manually f o r  each component. 
I t  appears t h a t  b e t t e r  maps could be der ived from such 
The p resen t  model does n o t  allow f o r  e x t e r n a l  f i e l d s  nor d i d  t h e  
eva lua t ion  make any co r rec t ions  t o  t h e  d a t a  f o r  magnetic dis turbance.  
A f u t u r e  c a l c u l a t i o n  i s  planned t o  see whether any meaningful improvements 
- 33 - 
i n  the model could be made by the use of ex te rna l  terms and adjustments 
f o r  t he  systematic depressions i n  the f i e l d  during and following 
magnetic dis turbance (SL<;:iura, 1964). 
a l s o  include t h e  use of  higher degree terms a s  necessary t o  match the 
complexities of the f i e l d .  
These f u r t h e r  improvements w i l l  
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